Sun C. 20-HETE increases NADPH oxidase-derived ROS production and stimulates the L-type Ca 2ϩ channel via a PKCdependent mechanism in cardiomyocytes. Am J Physiol Heart Circ Physiol 299: H1109 -H1117, 2010. First published July 30, 2010; doi:10.1152/ajpheart.00067.2010.-The production of 20-hydroxyeicosatetraenoic acid (20-HETE) is increased during ischemia-reperfusion, and inhibition of 20-HETE production has been shown to reduce infarct size caused by ischemia. This study was aimed to discover the molecular mechanism underlying the action of 20-HETE in cardiac myocytes. The effect of 20-HETE on L-type Ca 2ϩ currents (ICa,L) was examined in rat isolated cardiomyocytes by patch-clamp recording in the whole cell mode. Superfusion of cardiomyocytes with 20-HETE (10 -100 nM) resulted in a concentration-dependent increase in I Ca,L, and this action of 20-HETE was attenuated by a specific NADPH oxidase inhibitor, gp91ds-tat (5 M), or a superoxide scavenger, polyethylene glycol-superoxide dismutase (25 U/ml), suggesting that NADPH-oxidase-derived superoxide is involved in the stimulatory action of 20-HETE on ICa,L. Treatment of cardiomyocytes with 20-HETE (100 nM) increased both NADPH oxidase activity and superoxide production by approximately twofold. To study the molecular mechanism mediating the 20-HETE-induced increase in NADPH oxidase activity, PKC activity was measured in cardiomyocytes. Incubation of the cells with 20-HETE (100 nM) significantly increased PKC activity, and pretreatment of cardiomyocytes with a selective PKC inhibitor, GF-109203 (1 M), attenuated the 20-HETE-induced increases in I Ca,L and in NADPH oxidase activity. In summary, 20-HETE stimulates NADPH oxidase-derived superoxide production, which activates L-type Ca 2ϩ channels via a PKC-dependent mechanism in cardiomyocytes. 20-HETE and 20-HETE-producing enzymes could be novel targets for the treatment of cardiac ischemic diseases.
20-HYDROXYEICOSATETRAENOIC ACID (20-HETE) is a lipid metabolite of arachidonic acid that is produced by -hydroxylase enzymes of the cytochrome P-450 (CYP)4A and CYP4F families, which are relatively abundant and exert regulatory functions dependent on the tissue (18) . For example, in the kidney, 20-HETE regulates renal functions, such as renal vascular tone, tubuloglomerular feedback, autoregulation of renal blood flow, tubular transport, and mitogenesis (20) . In blood vessels, 20-HETE is a potent vasoconstrictor that activates L-type Ca 2ϩ channels and inhibits Ca 2ϩ -sensitive K ϩ channels in vascular smooth muscle cells (28, 29) . In pulmonary arteries, 20-HETE enhances NADPH oxidase-dependent production of ROS in endothelial cells (21) . Thus, it was proposed that 20-HETE plays an important role in the control of apoptosis and angiogensis in vascular endothelial cells in the pulmonary microcirculation (13) . Recently, 20-HETE and CYP -hydroxylase were also identified in hearts from the rat and dog (13, 26) . In isolated Langendorff-perfused rat hearts, the administration of nonspecific CYP enzyme inhibitors, such as chloramphenicol, cimetidine, and sulfaphenazole, prevented ischemia-reperfusion-induced myocardial damage, an effect that was associated with reduced ROS production (12) . These results were confirmed in an ischemia-reperfusion injury rat model evoked by coronary artery ligation (17) . More interestingly, production of 20-HETE is enhanced during ischemia-reperfusion injury (26) . Specific CYP -hydroxylase inhibitors, such as 17-octadecanoic acid and N-methylsulfonyl-12,12-dibromododec-11-enamide (DDMS), markedly inhibit 20-HETE production and produce a profound reduction in myocardial infarct size (13, 26) . Conversely, exogenous 20-HETE administration significantly increases infarct size (26) . Thus, it has been proposed that 20-HETE production is linked to myocardial injury induced by ischemia-reperfusion. However, the exact molecular mechanisms underlying the action of 20-HETE in ischemia-reperfusion injury and its actions on cardiomyocytes are not yet fully understood.
Alterations in intracellular ROS levels occur during hypoxia and oxidative stress, and ROS are well recognized as important mediators of cardiovascular pathologies, such as myocardial infarction-related injury, cardiac hypertrophy, myocardial remodeling, and heart failure (1). In cardiomyocytes, both mitochondria and NADPH oxidase are capable of producing superoxide (1) . Recent studies have suggested a role for NADPH oxidase-derived ROS in cardiac pathology. Mice lacking gp91ds phox , a subunit of NADPH oxidase, do not develop ANG II-induced cardiac hypertrophy (2) . On the other hand, excessive intracellular Ca 2ϩ accumulation is another factor mediating ischemia-induced cardiac injury. Elevated intracellular Ca 2ϩ alters myocyte electrophysiological properties, leading to cardiac arrhythmias as well as to inhibition of Na ϩ -K ϩ -ATPase activity and damage to mitochondrial function (15) . In addition, excessive Ca 2ϩ accumulation in cardiomyocytes causes abnormal contractile function and altered gene expression, leading to heart failure and cardiac remodeling (15 (15, 23) . Conversely, Ca 2ϩ overload damages mitochondrial function and results in an increase in intracellular ROS production (24) . However, it is still not clear whether NADPH oxidase-derived ROS and L-type Ca 2ϩ channels are involved in the action of 20-HETE in cardiac myocytes.
In the present study, we examined the effect of 20-HETE on L-type Ca 2ϩ channel activity and intracellular ROS production in cardiomyocytes and further identified the intracellular signaling pathways involved in the cardiac actions of 20-HETE.
MATERIALS AND METHODS

Animals and drugs.
Experiments were performed on male SpragueDawley rats (220 -250 g) purchased from the Medical School of Jilin University or Charles River Farms (Wilmington, MA). Rats were housed under controlled conditions with a 12:12-h light-dark cycle. Food and water were available to the animals ad libitum. All protocols were approved by the North Dakota State University and Northeast Normal University Institutional Animal Care and Use Committees.
Dihydroethidium (DHE) was purchased from Molecular Probes (Carlsbad, CA). DMEM was obtained from GIBCO (Carlsbad, CA). The selective NADPH oxidase inhibitor gp91ds-tat (H-RKKRRQRRR-CSTRIRRQL-NH 3) , and its control, scrambled gp91ds-tat (H-RKKRRQRRR-CLRITRQSR-NH3), were synthesized by Tufts University Core Facility (Medford, MA). 20-HETE was purchased from Cayman Chemical (Ann Arbor, MI). The selective PKC inhibitor GF-109203 was obtained from BioMol (Plymouth Meeting, PA). Monoclonal antibodies against phosphoserine were purchased from BD Transduction Laboratories, and rabbit antibodies against p47 phox were obtained from Upstate (Lake Placid, NY). Polyethylene glycol (PEG)-SOD, ATP, GTP, HEPES, and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Isolation of adult rat ventricular myocytes. Male Sprague-Dawley rats were deeply anesthetized with urethane (10%, 100 mg/kg), and hearts were rapidly excised, kept in normal Tyrode solution containing (in mmol/l) 100 NaCl, 10 KCl, 5 MgSO 4, 1.2 Na2HPO4, 1.8 CaCl2, 10 MOPS, 10 taurine, and 20 glucose (pH 7.2, adjusted with NaOH), and put on ice (4°C). Hearts were perfused retrogradely through the aorta on a Langendorff perfusion apparatus at 37°C. Retrograde perfusion was started with Tyrode solution for 2 min to wash out any remaining blood followed by perfusion with nominally Ca 2ϩ -free normal Tyrode solution until beating stopped completely. Hearts were then perfused with Ca 2ϩ -free normal Tyrode solution containing 0.16 mg/ml collagenase type II and 0.16 mg/ml BSA until the myocardial tissue was soft (ϳ35-40 min). Ventricles were then removed and minced into small pieces. Cells were dispersed and suspended in a solution containing (in mmol/l) 70 KOH, 50 Lglutamic acid, 40 KCl, 20 taurine, 20 KH 2PO4, 3 MgCl2, 10 glucose, 10 HEPES, and 0.5 EGTA (pH 7.4, adjusted with KOH). Isolated cells were stored in this solution at 4°C until they were used for patchclamp or bioassay experiments.
Electrophysiological recordings. Using the whole cell voltageclamp configuration, I Ca,L was recorded in isolated adult cardiomyocytes bathed in a solution (9) containing (in mmol/l) 136 tetraethylammonium Cl, 5.4 CsCl, 1 MgCl 2, 2 CaCl2, 10 HEPES, and 10 glucose (pH 7.4, adjusted with CsOH). Recording pipettes were made of capillaries pulled by a flaming micropipette puller (P-97, Sutter Instruments) and heat polished before use. Pipette resistance was in the range of 2-5 M⍀ when filled with a pipette solution containing (in mmol/l) 110 CsOH, 110 aspartate, 20 CsCl, 1 MgCl 2, 10 EGTA, 10 HEPES, and 5 Mg-ATP (pH 7.2, adjusted with CsOH). All experiments were performed at room temperature (22-25°C ). An EPC-10 patch-clamp amplifier and Pulse/Pulse Fit software (HEKA Elektronik, Lambrecht, Germany) were used for data collection and analysis. I Ca,L was measured from a holding potential of Ϫ50 mV using a square wave pulse from Ϫ50 to ϩ50 mV in 10-mV voltage steps.
Culture of neonatal rat cardiomyocytes. Primary cultured cardiomyocytes were prepared from neonatal rats according to previously published procedures with minor modifications (14) . In brief, ventricles from 1-day-old Sprague-Dawley rats were digested with collagenase in Hanks' solution at 37°C, and isolated cardiomyocytes were suspended in culture medium composed of 8% FBS, DMEM, and 0.2% penicillin-streptomycin solution. The cell suspension was placed in 35-mm diameter tissue culture dishes at a cell density of 4 ϫ 10 6 cells/dish and incubated at 37°C in a humidified atmosphere with 95% O 2 and 5% CO2 until used in the NADPH oxidase assay or for ROS measurements.
Measurement of intracellular ROS levels. ROS generation was measured using the oxidant-sensitive fluorogenic probe DHE as previously described with a minor modification (16) . In brief, primary cultured cardiomyocytes were loaded with 100 nM DHE for 30 min at 37°C. Cells were then incubated with 20-HETE (100 nM, 5 min), 20-HETE plus the specific NADPH oxidase inhibitor gp91ds-tat (5 M, 5 min), or 20-HETE plus the PKC inhibitor GF-109203 (1 M, 5 min). Ethidium fluorescence within cardiomyocytes was detected by a fluorescence microscope (Nikon), and its intensity in individual cells was analyzed using Quantity One software (Bio-Rad, Hercules, CA).
Measurement of NADPH oxidase activity. 20-HETE-induced NADPH oxidase activity was measured by lucigenin-derived chemiluminescence. Cardiomyocytes were prepared as described above and treated with 20-HETE (100 nM, 5 min), 20-HETE plus the specific NADPH oxidase inhibitor gp91ds-tat (5 M, 5 min), or 20-HETE plus the PKC inhibitor GF-109203 (1 M, 5 min). Cells were collected and sonicated for 1 s. Ten minutes before luminescence was recorded, NADPH (100 M) and lucigenin (5 M) were added, and light emission was recorded during the next 10 s by a Wallac 1450 Micro-Beta JET Luminometer (PerkinElmer Life and Analytical Sciences, Waltham, MA). Protein concentrations were determined using a Bio-Rad protein assay kit with BSA as the standard. Data are presented as counts per minute per milligram of protein.
Assessment of phosphorylated p47 phox . Intracellular phosphorylated p47 phox was measured by immunoprecipitation with anti-p47 phox antibody followed by regular Western blots using an anti-phosphoserine antibody. Before coimmunoprecipitation assays, isolated cardiomycytes were incubated with control (PBS), 20-HETE (100 nM, 5 min), 20-HETE plus GF-109203 (1 M, 5 min), or GF-109203 alone. Cells were suspended in the lysis buffer and sonicated briefly. p47 phox was immunoprecipitated using an anti-p47 phox antibody. The immunoprecipitates were resolved by gel electrophoresis, proteins were transferred to nitrocellulose membranes, and membranes were probed with an anti-phosphoserine antibody (1:1,000) using regular Western blot analysis as previously described (32) .
Measurement of PKC activity. The effect of 20-HETE on PKC activity was measured with a PepTag assay kit (Promega) according to the manufacturer's instructions. In brief, isolated cardiomyocytes were incubated in Kraftbrane solution containing the vehicle control, 20-HETE (100 nM, 5 min), 20-HETE plus GF-109203 (1 M, 5 min), or GF-109203 alone at 37°C. Cells were then suspended in lysis buffer containing 25 mM Tris·HCl (pH 7.4), 0.5 mM EGTA, 0.5 mM EDTA, 0.05% Triton X-100, 10 mM ␤-mercaptoethanol, and 0.5 mM PMSF. Samples were sonicated and centrifuged at 14,000 g for 5 min at 4°C. The supernatant was incubated with a fluorescent PKC substrate for 30 min at 30°C. The phosphorylated product and nonphosphorylated substrate were separated on a 0.8% agarose gel at 100 mV for 30 min. The phosphorylated bands were excised, heated at 95°C to melt, and transferred to a tube containing gel solubilization solution and glacial acetic acid. The absorbance at 570 nm was read with a 96-well plate reader. The total protein concentration in each sample was determined with the Bradford assay. The results are expressed as nanomoles per minute per milligram of protein.
Statistics. All data are expressed as means Ϯ SE. Differences between groups were assessed using Student's t-test or one-way ANOVA for multiple comparisons. P values of Ͻ0.05 were taken as significant, and significance levels are given in the text.
RESULTS
20-HETE activates L-type Ca
2ϩ channels. Previous studies (6, 11) have demonstrated that 20-HETE constricts vascular and airway smooth muscle cells by activating L-type Ca 2ϩ channels. In the present study, we examined the action of 20-HETE on I Ca,L in isolated adult rat cardiac myocytes. Figure 1A shows the concentration-dependent effects of externally applied 20-HETE (10 -100 nM) on I Ca,L recorded from freshly dissociated rat cardiomyocytes. 20-HETE (10 -100 nM) caused a significant increase in the magnitude of peak I Ca,L recorded during step depolarizations between Ϫ50 and ϩ50 mV in 10-mV increments from a holding potential of Ϫ50 mV compared with the control (Fig. 1B) . Thus, 20-HETE increased peak I Ca,L density at ϩ10 mV at concentrations from 10 to 100 nM (Fig. 1A) . Peak I Ca,L was increased at ϩ10 mV by 37%
(from 200 Ϯ 19 to 271 Ϯ 15 pA, n ϭ 13) at 10 nM and by 101% (from 216 Ϯ 24 to 418 Ϯ 16 pA) at 100 nM (Fig. 1C) . However, the 20-HETE-induced increase in I Ca,L did not shift the peak current-voltage relationship (Fig. 1B) . The effect of 20-HETE on I Ca,L was readily reversible on washout (Fig. 1A) . Bath application of 0.1% ethanol, the vehicle for 20-HETE, had no significant effect on peak I Ca,L (before ethanol: 4.8 Ϯ 0.5 pA/pF and after ethanol: 5.0 Ϯ 0.4 pA/pF). In addition, the superfusion of cells with nifedipine (2 M), an L-type Ca 2ϩ channel blocker, attenuated I Ca,L by 89% (Fig. 1D) .
To confirm that 20-HETE activates I Ca through voltagedependent L-type Ca 2ϩ channels, we examined the effect of 20-HETE in the presence of nifedipine (2 M). Pretreatment with nifedipine significantly attenuated I Ca (Fig. 1D, 1E) , and the subsequent addition of 20-HETE (100 nM) had no stimulatory effect on the amplitude of the residual current (nifedipine alone: 0.4 Ϯ 0.1 pA/pF and nifedipine plus 20-HETE: 0.5 Ϯ 0.1 pA/pF, n ϭ 5, P Ͼ 0.05). In addition, the time dependence of the 20-HETE-induced stimulatory effect on I Ca,L was examined in adult rat cardiomyocytes. The results are shown in Fig. 1F and indicate that 20-HETE increased I Ca in 5 min, reached a peak within 10 min, and lasted Ͼ20 min. In summary, these results indicate that 20-HETE increases I Ca through activating L-type Ca 2ϩ channel activity in cardiomyocytes.
20-HETE induced increases in I Ca,L through NADPH oxidase-derived superoxide.
It has been reported that the function of L-type Ca 2ϩ channels can be modified during changes in the cellular redox state (15) . Thus, we next examined the role of superoxide on the 20-HETE-induced increase in I Ca,L using a cell-permeable superoxide scavenger, PEG-SOD (25 U/ml), in isolated adult rat cardiac myocytes. The results are shown in Fig. 2A and demonstrate that pretreatment of cardiomyocytes with PEG-SOD (25 U/ml) significantly attenuated 20-HETEinduced I Ca,L activation and that PEG-SOD alone did not alter basal I Ca,L activity. In addition, in the presence of PEG alone, 20-HETE still increased I Ca,L density from 5.4 Ϯ 0.4 to 10.1 Ϯ 0.7 pA/pF (n ϭ 7 cells, P Ͻ 0.05), indicating that PEG itself had no effect on the action of 20-HETE in cardiac myocytes.
In the next experiment, the NADPH oxidase inhibitor gp91ds-tat was used to confirm the involvement of superoxide and further to identify the source of superoxide in the action of 20-HETE. Pretreatment of cardiomyocytes with gp91ds-tat (5 M) significantly attenuated the 20-HETE-induced increase in I Ca,L (P Ͻ 0.05 compared with 20-HETE alone; Fig. 2B ). In contrast, scrambled gp91ds-tat (5 M) did not alter the 20-HETE-induced activation of I Ca,L under the same treatment conditions (Fig. 2B) . Neither gp91da-tat nor scrambled gp91ds-tat alone had any significant effect on basal I Ca,L in cardiac myocytes. Together, these results suggest that 20-HETE stimulates I Ca,L in cardiac myocytes through an NADPH oxidase-derived superoxide pathway in cardiac myocytes.
20-HETE increases superoxide production in cardiomyocytes. The effect of 20-HETE on superoxide production in cardiomycytes primary cultured from neonatal rats was assessed using the fluorogenic probe DHE. Under control conditions, ethidium fluorescence was low in PBS-treated cardiomyocytes (Fig. 3B) ; however, treatment of the same cells with 20-HETE (100 nM) resulted in a significant increase (85%) in the density of ethidium fluorescence within cardiomyocytes (Fig. 3, C and G) . In addition, the time-dependent response to 20-HETE (100 nM) on superoxide levels was also examined in cultured neonatal rat cardiomyocytes. Fig. 3G ). However, the scrambled gp91ds-tat control did not alter the stimulatory action of 20-HETE on superoxide production (840 Ϯ 67 and 1,607 Ϯ 94 ethidium fluorescence intensity units in cells treated with scrambled gp91ds-tat and scrambled gp91ds-tat ϩ 20-HETE, respectively, n ϭ 21, P Ͻ 0.01). These results suggest that 20-HETE increases superoxide production, an effect that is blocked by the inhibition of NADPH oxidase.
20-HETE stimulates NADPH oxidase in cardiomyocytes.
We next determined the effect of 20-HETE on NADPH oxidase activity. Treatment of cardiomyocytes cultured from neonatal rats with 20-HETE (100 nM) resulted in a significant increase in NADPH oxidase activity (2,574 Ϯ 245 and 4,914 Ϯ 453 counts·mg 3H). In addition, treatment of cells with either gp91ds-tat or scrambled gp91ds-tat alone had no significant effect on the basal NADPH oxidase activity in culture cardiomyocytes.
PKC is involved in 20-HETE-induced increases in NADPH oxidase and in superoxide production. PKC has been reported to be involved in the action of 20-HETE in cerebral arteries (19, 27) . Thus, we next examined the effect of a PKC inhibitor, GF-109203, on the 20-HETE-induced activation of NADPH oxidase in primary cultured cardiomyocytes. As expected, incubation of cells with 20-HETE (100 nM) resulted in a significant increase in NADPH oxidase (Fig. 4A) . However, pretreatment of cells with GF-109203 (1 M) significantly attenuated the 20-HETE-induced increases in NADPH oxidase activity in cardiomyocytes by 60%. In addition, GF-109203 alone did not alter basal NADPH oxidase activity. Similarly, pretreatment of cardiomyocytes with GF-109203 (1 M) also significantly diminished 20-HETE-induced ethidium fluorescence intensity (Fig. 4B) , suggesting that blockade of PKC attenuated the stimulatory action of 20-HETE on superoxide production. GF-109203 itself had no effect on the basal levels of superoxide within cardiomyocytes.
20-HETE increases PKC activity and augments the phosphorylation of NADPH oxidase.
To determine the effect of 20-HETE on PKC, PKC activity was measured in isolated adult rat cardiomyocytes treated with the vehicle control or 20-HETE (100 nM) for 5 min. Incubation of cells with 20-HETE significantly increased PKC activity by 40% (n ϭ 8, P Ͻ 0.01; Fig. 5A ). The stimulatory effect of 20-HETE on PKC activity peaked at 5 min, followed by a plateau response, and lasted up to 20 min (Fig. 5C) . In another set of cells, isolated cardiomyocytes were pretreated with the PKC inhibitor GF-109203 (1 M) for 5 min followed by the addition of 20-HETE (100 nM) or the vehicle for an additional 5 min. Treatment of cells with GF-109203 completely abolished the 20-HETE-induced increase in PKC activity (Fig. 5A) . GF-109203 alone did not alter basal PKC activity in cardiomyocytes. The results from these experiments demonstrate that 20-HETE stimulates PKC activity and that this effect of 20- HETE is completely blocked by GF-109203 in isolated adult rat cardiomyocytes. To detect whether 20-HETE also stimulates PKC in cardiomyocytes cultured from neonatal rats, we repeated the same protocol as described above to detect the effects of 20-HETE on PKC activity in cardiomyocytes cultured from neonatal rats. Treatment of cardiomyocytes with 20-HETE significantly increased PKC activity by 42% (from 9.2 Ϯ .08 to 13.1 Ϯ 0.9 nmol·mg
, n ϭ 6, P Ͻ 0.01), indicating that 20-HETE also stimulates PKC activity in cultured neonatal rat cardiomyocytes. phox in isolated cardiomyocytes. Bottom, phosphorylation of p47 phox was measured using immunoprecipitation with an anti-p47 phox antibody followed by immunoblotting with an anti-phosphoserine antibody in isolated cardiomyocytes treated under the following conditions: Con, 20-HETE (100 nM), 20-HETE plus GF (1 M), or GF alone. Top, representative blots showing the levels of phosphorylated p47 phox and total p47 phox in isolated cardiomyocytes under each treatment condition. Data are means Ϯ SE; n ϭ 4 experiments. *P Ͻ 0.05 compared with Con. C: time-dependent response of PKC activity to 20-HETE in isolated adult rat cardiomyocytes. PKC activity was measured in cardiomyocytes treated with 20-HETE (100 nM) at the time points indicated in the graph.
The phosphorylation of p47
phox is critical in the activation of NADPH oxidase (4). Thus, we determined whether PKCdependent phosphorylation of p47 phox is involved in the 20-HETE-induced increases in NADPH oxidase activity in cardiomyocytes isolated from adult rats. Isolated cardiomyocytes were treated with 20-HETE (100 nM) or the vehicle control for 5 min. 20-HETE treatment caused a 95% increase (n ϭ 4, P Ͻ 0.05) in phosphorylated p47 phox (Fig. 5B) . Pretreatment of cells with the PKC inhibitor GF-109203 (1 M) completely inhibited 20-HETE-induced phosphorylation. GF-109203 alone did not significantly alter the basal phosphorylation of p47 phox .
20-HETE-induced increases in I Ca,L are mediated by a PKC-dependent mechanism.
The role of PKC in the stimulatory action of 20-HETE on I Ca,L in isolated cardiac myocytes was examined using whole cell patch-clamp recording. Superfusion of cardiac myocytes with 20-HETE (100 nM) resulted in a 96% increase in I Ca,L (n ϭ 9 cells, P Ͻ 0.01; Fig. 6, A and  B) . In another set of isolated cardiomyocytes, cells were superfused with GF-109203 (1 M) followed by the addition of 20-HETE (100 nM). Pretreatment of cells with GF-1091230 significantly attenuated the 20-HETE-induced increase in I Ca,L by 61% (n ϭ 11, P Ͻ 0.05). GF-109203 alone had no effect on basal I Ca,L (Fig. 6B) . These results indicate that the PKC signaling pathway is involved in the 20-HETE-induced increase in I Ca,L in cardiac myocytes.
DISCUSSION
The current study presents the first evidence that 20-HETE stimulates NADPH oxdiase-derived ROS production and increases L-type Ca 2ϩ channel activity via a PKC-dependent mechanism in cardiac myocytes. This conclusion is supported by the following observations: 1) superfusion of cardiomyocytes with 20-HETE resulted in a concentration-dependent increase in I Ca,L ; 2) the stimulatory action of 20-HETE on I Ca,L was attenuated by both an NADPH oxidase inhibitor and a superoxide scavenger; 3) treatment of cardiomyocytes with 20-HETE increased NADPH oxidase activity and elevated intracellular ROS production, effects that were blocked by the PKC inhibitor GF-109203; and 4) 20-HETE treatment increased PKC activity and blockade of PKC attenuated the 20-HETE-induced increase in I Ca,L in cardiomyocytes. These results indicate that 20-HETE stimulates PKC, which increases the phosphorylation of NADPH oxidase and results in NADPH oxidase-dependent ROS production, subsequently leading to an increase in I Ca,L in cardiomyocytes. These actions of 20-HETE may contribute to 20-HETE-induced myocardial injury during ischemia-reperfusion.
It is well known that persistent increases in intracellular Ca 2ϩ are important to the pathogenesis of myocardial ischemic diseases, and the L-type Ca 2ϩ channel is the major source of Ca 2ϩ influx in cardiomyocytes (15, 24) . Thus, we first examined the effect of 20-HETE on I Ca,L of cardiac myocytes, and the results from this study show that 20-HETE reversibly increases I Ca,L (Fig. 1) . This observation is consistent with a report (11) channel activity and sensitivity are enhanced, which results in the prolongation of phase 2 or phase 3 of the cardiac action potential, causing early afterdepolarizations and arrhythmias (15) . In addition, intracellular Ca 2ϩ also plays a central role in cellular excitability, contraction, and gene regulation, leading to heart failure and cardiac remodeling. Thus, an unanswered question is whether 20-HETE is involved in the cardiac damage caused by ischemia. This notion is supported by a previous study (13) demonstrating that 20-HETE production was significantly enhanced in ischemia-reperfusion injury in canine hearts. CYP -hydroxylase inhibitors (including 17-ODYA and DDMS) markedly inhibit 20-HETE production and produce a profound reduction in myocardial infarct size in hearts subjected to ischemia-reperfusion (13, 26) . Conversely, exogenously administered 20-HETE significantly increases infarct size, indicating that 20-HETE is involved in ischemia-reperfusion injury in the heart. The involvement of 20-HETE in the cardiac response to ischemia is also supported by the present study, showing that incubation of cardiomyocytes with 20-HETE results in increases in both ROS production and NADPH oxidase activity. This result is also confirmed by a study (5) in pulmonary artery endothelial cells, which shows that 20-HETE increases superoxide production, an effect that is blocked by an NADPH oxidase inhibitor and by PEG-SOD. In the heart, NADPH oxidase-derived ROS have been shown to play an important role in the pathophysiological response to ischemia, including cardiac hypertrophy, apoptosis, contractile dysfunction, and interstitial fibrosis (1) . However, the role of 20-HETE-induced NADPH oxidase-derived ROS production and increases in L-type Ca 2ϩ channel activity in the pathogenesis of cardiac ischemic diseases still remain to be further investigated in vivo.
The present study demonstrates that the 20-HETE-induced increase in I Ca,L in cardiomyocytes is attenuated by a ROS scavenger (PEG-SOS) or an NADPH oxidase inhibitor (gp91ds-tat), indicating that NADPH oxidase-dependent ROS production is involved in the stimulatory action of 20-HETE on L-type Ca 2ϩ channel activity in cardiac myocytes. The ROSmediated acute Ca 2ϩ channel regulation may be responsible for the rapid electrophysiological changes, prolongation of the action potential, and induction of arrhythmias. Chronic alteration in the redox state may cause persistent activation of L-type Ca 2ϩ channels, and the altered Ca 2ϩ homeostasis may be responsible for the induction of hypertrophic growth (3). However, the nature of the intracellular signaling mechanism by which ROS increases I Ca,L in cardiac myocytes remains to be clarified. One possibility may be a direct redox-dependent mechanism, since the pore-forming ␣ 1C -subunit of the cardiac L-type Ca 2ϩ channel contains Ͼ10 cysteine residues (20) that can potentially undergo redox modification. Indeed, oxidization of Src homology groups causes the activation of I CaL , whereas GSH and DTT, which reduce disulfide bonds, inhibit this current in ferret ventricular myocytes (5).
20-HETE is produced in several tissues, but the biological functions of 20-HETE are tissue specific. For example, in pulmonary artery endothelial cells, 20-HETE has been reported to prevent apoptosis induced by serum deprivation, LPS, and hypoxia-reperfusion (7) . In contrast to the salutary effects in pulmonary artery endothelial cells, in cerebral vascular smooth muscle cells of spontaneously hypertensive rats, 20-HETE contributes to the severity of oxidative stress and stroke. Inhibition of 20-HETE production greatly reduces infarct size after ischemia-reperfusion injury in the brain and heart (8, 13) . Two possible mechanisms could contribute to 20-HETE-induced reperfusion injury. One possibility is that 20-HETE may induce arterial vasoconstriction (29) , decreasing blood flow to the affected area. Another possibility is that 20-HETE may directly damage ischemic tissue by increasing the formation of ROS. The present study demonstrated that 20-HETE increases Ca 2ϩ channel activity and intracellular ROS levels, important factors in causing apoptosis and other detrimental effects in ischemic-reperfusion injury. However, the effect of 20-HETE on apoptosis of cardiomyocytes remains to be investigated in future studies.
In this investigation, we demonstrated that PKC activity appears to be essential for the 20-HETE-induced increase in NADPH oxidase activity. This is supported by the following lines of evidence obtained in the present study: 1) incubation of cardiomyocytes with a PKC inhibitor, GF-109203, significantly attenuated the stimulatory action of 20-HETE on NADPH oxidase activity; 2) treatment of cardiomyocytes with 20-HETE resulted in a significant increase in PKC activity; 3) blockade of PKC also abolished 20-HETE-induced increases in intracellular ROS levels and I Ca,L activation in cardiomyocytes; and 4) 20-HETE increased the phosphorylation of p47 phox , the NADPH oxidase regulatory subunit. Several studies from other research groups have demonstrated that PKC is involved in the regulation of NADPH oxidase activity via phosphorylation of the p47 phox subunit. For example, Bey et al. (4) reported that PKC plays a pivotal role in stimulating NADPH oxidase activity via the phosphorylation of p47 phox . Moreover, Fontayne et al. (10) identified several serine residues in p47 phox as targets for PKC. The phosphorylation of p47 phox subunits induces their translocation from the cytosolic compartment to the cellular membrane, where they combine with other NADPH subunits to assemble the fully activated NADPH oxidase complexes that generate superoxide. Moreover, PKC-dependent activation of NADPH oxidase is reportedly involved in early ischemic preconditioning in the heart (2) and also in the action of ANG II in the regulation of neuronal activity in the brain (30) . Several isoforms of PKC have been identified that phosphorylate the regulatory p47 phox subunits of NADPH oxidase to augment the production of superoxide radicals. These include PKC-␣, PKC-␤II, PKC-␦, and PKCisoforms, as idenfied in neutrophils (10) . Although it is clear that the p47 phox subunit is regulated by PKC in the action of 20-HETE, the specific PKC isoform(s) involved in the 20-HETE-induced activation of NADPH oxidase is still not clear. A recent study (31) demonstrated that NADPH oxidase-derived pathways are also involved in ANG II-induced inhibition of the Na ϩ -K ϩ pump in cardiac myocytes and that ANG II-induced NADPH oxidase activation is completely abolished by a myristolated peptide inhibitor of PKC-ε, suggesting that PKC-ε is involved in the stimulatory action of ANG II on NADPH oxidase activity in cardiac myocytes. However, whether PKC-ε or other PKC isoforms are involved in the stimulatory action of 20-HETE on NADPH oxidase and L-type Ca 2ϩ channels requires further investigation. Previous studies have demonstrated that inhibition of 20-HETE production induced a protective effect in the heart in response to ischemic injury. Here, we provide significant evidence that 20-HETE acts directly on cardiomyocytes and increases NADPH oxidase-derived ROS production via a PKC-dependent mechanism. This signaling pathway is involved in the 20-HETE-induced regulation of I Ca,L in cardiac myocytes. Thus, 20-HETE may contribute to the cardiac pathological response to ischemic injury, such as apoptosis, interstitial fibrosis, hypertrophy, contractive dysfunction, and heart failure.
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